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• Recommendation 1: The likelihood ratio is 
the preferred approach to mixture 
interpretation. The RMNE approach is 
restricted to DNA profiles where the 
profiles are unambiguous.  If the DNA 
crime stain profile is low level and some 
minor alleles are the same size as stutters 
of major alleles, and/or if drop-out is 
possible, then the RMNE method may not 
be conservative.
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• Recommendation 2: Even if the legal system 
does not implicitly appear to support the use of 
the likelihood ratio, it is recommended that the 
scientist is trained in the methodology and 
routinely uses it in case notes, advising the court 
in the preferred  method before reporting the 
evidence in line with the court requirements. The 
scientific community has a responsibility to 
support improvement of standards of scientific 
reasoning in the court-room.
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• Recommendation 3: The methods to 
calculate likelihood ratios of mixtures (not 
considering peak area)  described by Evett 
et al [13] and Weir et al [14] are 
recommended.
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• Recommendation 4: If peak height or area information is 
used to eliminate various genotypes from the 
unrestricted combinatorial method, this can be carried 
out by following a sequence of guidelines based on 
Clayton et al [17]. 

• Recommendation 5: The probability of the evidence 
under Hp is the province of the prosecution and the 
probability of the evidence under Hd is the province of 
the defence. The prosecution and defence both seek to 
maximise their respective probabilities of the evidence 
profile. To do this both Hp and Hd require propositions. 
There is no reason why multiple pairs of propositions 
may not be evaluated (Appendix 3).
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• Recommendation 6: If the crime-profile is 
a major/ minor mixture, where minor 
alleles are the same size (height or area) 
as stutters of major alleles, then stutters 
and minor alleles are indistinguishable. 
Under these circumstances alleles in 
stutter positions that do not support Hp 
should be included in the assessment.
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• Recommendation 9:  When a DNA profile is at a 
level that is dominated by background noise, 
then a biostatistical interpretation should not be 
attempted.
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• Recommendation 11: In relation to low
copy number, stochastic effects limit the
usefulness of heterozygous balance and
mixture proportion estimates. In addition,
allelic drop-out and allelic drop-in
(contamination) should be taken into
consideration of any assessment.
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Interpretation process is an 
interaction of the expert with a 

statistical model
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Example of generalisation 
• How many contributors in a DNA profile?
• Classically we decide on the number of 

contributors by counting the number of 
alleles present per locus

• By consideration of the casework 
circumstances
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ISFG DNA commission 
recommendation 5 (anchoring the 

hypothesis)
• The probability of the evidence under the 

prosecution hypothesis is the province of the 
prosecution

• The probability of the evidence under the 
defence hypothesis is the province of the 
defence

• There is no reason why multiple pairs of 
propositions may not be evaluated

• BUT how can we apply this in practice?
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Is it possible for a non-mixture 
to be confused with a mixture?
• A mixture may be identified by presence at 

3 or 4 bands at each locus
• Masking will occur - this happens when 

two individuals share alleles
• Therefore it is possible for a mixture to 

have just one or two alleles at a locus
• is it possible for only 1 or 2 alleles to be 

seen at every locus in the multiplex?
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This experiment was carried 
out on the old SGM system

• Only 4 samples out of 200,000 showed 1 
or 2 alleles per locus

• Note imbalance. If mixture is 1:1 then 
peaks for 2 loci will show 3:1 peak area 
imbalance. Only THO is balanced

L o c u
s

D 1 8 S 5 1 D 1 8 S 5 1 D 2 1 S 1 1 D 2 1 S 1 1 HUM T H0 1 HUM T H0 1
A llele 1 2 1 2 1 2

A llele des ignat ions  (1) 14 14 61 63 8 9. 3
A llele des ignat ions  (2) 14 17 63 63 8 9. 3

EUROFORGEN-NoE is funded by the European Commission
within the 7th Framework Programme

Forensic Bioinformatics Article
http://www.bioforensics.com/articles/empirical_mixtures.pdf

Using 959 complete 13-locus STR 
profiles from FBI dataset

146,536,159 possible combinations 
with 3-person mixtures

3.39 % (4,967,034 combinations) 
would only show a maximum of 
four alleles (i.e., appear based on 
maximum allele count alone to be a 
2-person mixture) EUROFORGEN-NoE is funded by the European Commission

within the 7th Framework Programme

Article by Buckleton et al.

EUROFORGEN-NoE is funded by the European Commission
within the 7th Framework Programme

Two-Person Mixtures for Simulated Profiles: 
Probability by Locus of A Particular Number of Alleles Being Observed

Buckleton et al. (2007) Towards understanding the effect of uncertainty in the number of contributors 
to DNA stains. FSI Genetics 1:20-28
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Three-Person Mixtures for Simulated 
Profiles: Probability by Locus of A Particular Number of 

Alleles Being Observed

Buckleton et al. (2007) Towards understanding the effect of uncertainty in the number of contributors 
to DNA stains. FSI Genetics 1:20-28
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Levels of Locus Heterozygosity Impact 
Number of Alleles Observed in 
Mixtures (slide from J Butler) 

http://www.cstl.nist.gov/biotech/strbase/interlab/MIX05.htmMIX05 Case #1; Identifiler green loci

4 peaks more 
common for D2

3 peaks more 
common for D3
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Number of Alleles Observed 
with Simulated Four-Person Mixtures

• The simulation of four person mixtures suggests 
that 0.014% of four person mixtures would show 
four or fewer alleles and that 66% would show 
six or fewer alleles for the SGM Plus loci.

• The results for the Profiler Plus loci were 0.6% 
and 75%. 

• The equivalent values for the CODIS set from 
Paoletti et al. were 0.02% showing four or fewer 
and 76.35% showing six or fewer.

Buckleton et al. (2007) Towards understanding the effect of uncertainty in the number of contributors 
to DNA stains. FSI Genetics 1:20-28
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Anchoring the prosecution 
hypothesis
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How does this help?
• Usually the scientist decides the number of 

contributors on behalf of both prosecution and 
defence

• Minimising the number of contributors usually 
maximises the Probability on behalf of the 
defence 

• The foregoing is a generalisation which may 
not always be true (Buckleton et al 2007).

• Is the generalisation true in this case?  
• check the trend:
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Establishing the trend when 
increased numbers of contributors 

are considered
No.

Contributors under Hd
Pr|Hd LR<

1 .02 50

2 .24 625

3 .26 15625

4 .28 390625

5 .210 9765625

Conditioned with 1 contributor under Hp 
(we vary number of contributors under Hd)
The LR minimises when the number of contributors under Hd=1
We can easily demonstrate this. This is also the fairest calculation
for the defence proposition. The probability PrHd is maximised 

when the number of contributors is minimised. 
EUROFORGEN-NoE is funded by the European Commission
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Establishing the ‘robustness’ 
of a reported likelihood ratio

• Our idea is to introduce software that allows 
exploratory data analysis to enable an interaction 
between expert and the software system (we can 
use ‘what-if’ analysis to determine the scenarios 
that can be accommodated by a given likelihood 
ratio)
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A useful generalisation
• It is necessary to carry out at least 2 calculations in order to 

establish the general trend of the LR relative to the alternative sets 
of propositions. This way, we can establish the minimum likelihood 
of multiple sets of propositions.
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Numbers of contributors

• There is no need to anchor the number of 
contributors to be the same under Hp and 
Hd – they will often be different
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Dropout
• Recommendation 7: If drop-out of an allele is required to 

explain the evidence under Hp: (S = ab; E = a), then the 
allele should be small enough (height/area) to justify this 
(i.e. the allele should be below a predetermined threshold).

• Basically, this means that if an allele found in the reference 
sample is missing in the crime stain then it is not necessarily 
neutral evidence. 

• Reworking the sample is always important to see if we can 
recover the missing alleles.

• But we now have a method to evaluate the effect of PrD on 
the likelihood ratio
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More generalisations

• Don’t ignore inconvenient (to the 
prosecution) events.

• Use statistical tools to explore the data so 
we can understand what is going on

• The statistical analysis may suggest that 
samples need to be reworked as a 
preferable option
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LT-DNA
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New ISFG DNA commission

• New commission recently reported and 
recommends the incorporation of dropin 
and drop-out into probabilistic calculations
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What is Low Copy Number?
• Let’s make a list of what LCN is not

– Its not related to an overall quantity of DNA (such as 
200pg)

– Its not restricted to ‘touch DNA’
– Its not related to any particular technique

• NY court found it to be a simple extension of an 
existing technique

• R. v. Reed accepted that the 34 cycle definition 
was not relevant to any definition of LT-DNA 

• Why can’t a definition be adduced?
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Stochastic variation

• In a heterozygous sample, one allele is amplified more 
than the other

• Leads to heterozygous imbalance or allele drop-out
• Good quality DNA will always give heterozygous balance 

>60%

• i.e. both target alleles are amplified with similar efficiency

• Much more pronounced with low level DNA as there is 
less template DNA

• If one target gets amplified more in the first rounds of 
PCR then it becomes preferentially amplified in later 
rounds
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Heterozygous imbalance OR allele drop-out
(from J Butler, NIST)
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Illustration of heterozygous balance
Perfect balance

Drop-out

1

2

3

4

5
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Explanation of drop-out
The DNA profile from the crime stain looks like this:

a                    b

And the DNA profile from the reference sample (Suspect) looks like this:

Prosecution hypothesis: Suspect (S)      
Defence hypothesis:  Unknown(U) 

So IF Hp is true then dropout of allele b must have occurred
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An example
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Good quality DNA (2)
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Low level DNA
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Illogical use of thresholds
• Falling off the cliff
• E.g. if we have a
Rule that states:
150rfu – This is conventional
V. 149rfu – This is LCN

• There is nothing in between

Not LCN

LCN

150rfu

149rfu
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In reality it’s a gentle ride downhill

Probability of Drop-out

rfu
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Continuum of change

• The peak height rules break down when the 
quantity of DNA becomes very low – in 
particular the Hb guideline will no longer hold 
true

• Allele drop-out can lead to a heterozygous 
locus being genotyped as a homozygous 
locus
– In standard DNA profiling, a homozygous peak 

height of 150 rfu is often used (stochastic 
threshold)

• i.e. single peaks <150 rfu are labelled ‘F’ indicating 
allele drop-out may have occurred

EUROFORGEN-NoE is funded by the European Commission
within the 7th Framework Programme

This is why we prefer a universal 
method
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Papers outlining heterozygous 
balance

• Holt CL, Buoncristiani M, Wallin JM, Nguyen T, Lazaruk KD, Walsh 
PS. (2002) TWGDAM validation of AmpFlSTR PCR amplification kits 
for forensic DNA casework. J. Forensic Sci. 47(1): 66-96.

• Collins PJ, Hennessy LK, Leibelt CS, Roby RK, Reeder DJ, Foxall 
PA. (2004) Developmental validation of a single-tube amplification of 
the 13 CODIS STR loci, D2S1338, D19S433, and amelogenin: the 
AmpFlSTR Identifiler PCR amplification kit. J. Forensic Sci. 49(6): 
1265-1277.

• L.A. Dixon, C.M. Murray, E.J. Archer, A.E. Dobbins, P. Koumi & P. 
Gill (2005) Validation of a 21-locus autosomal SNP multiplex for 
forensic identification purposes. For. Sci. Int. 154 (1): 62-77

• Gill, P., Sparkes, R. and Kimpton, C. (1997). "Development of 
guidelines to designate alleles using an STR multiplex system." 
Forensic Sci Int 89(3): 185-197
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Degradation

• Occurs with fragmented / degraded DNA 
as there are more of the small target 
molecules available for amplification

• Leads to a distinctive slope in peak 
heights across the profile

EUROFORGEN-NoE is funded by the European Commission
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Effect of degradation

Reference profile

42 days degradation

84 days degradation

147 days degradation

62 days degradation
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Allele drop-in
• A contamination event resulting in only one or two 

foreign alleles
• Independent from gross contamination in that it comes 

from different sources
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Drop-in
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Contamination

• Gross contamination is identified as being 
from a single contributing source

• Dependent on transfer event as to when 
contamination occurred

• Could be pre-incident or post-incident
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LCN DNA profiling (34 cycles)

• Extracted and amplified in duplicate or 
triplicate using 50 uL reaction volume (20 
uL DNA extract)

• Most standard tests are now run at 25 uL
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LCN DNA consensus profiling

• Due to stochastic variation, some alleles 
may be amplified in one or two reactions 
but not another

• Consensus profiling allows a profile to be 
produced from different amplifications of 
the same DNA extract

• This is usually carried out with low level 
DNA profiling, regardless of the technique
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Consensus profiling

• An allele can only be scored if it is present in TWO separate 
amplifications

• Note there is some variation on this method (Benschop et al 
2011, FSI Genetics,5,316-328)

• An ‘F’ designation is used with loci displaying only one allele 
(in all profiles including consensus)
– Indicates that there may be allele drop-out

• Disregards 150 rfu peak height rule used in standard STR 
profiling

EUROFORGEN-NoE is funded by the European Commission
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Consensus profiling (example)

• ‘F’ designations means the locus is treated as ‘could be 
a homozygote or could be a heterozygous’ in match 
probability calculations
– i.e. p2 AND 2pq (p2 + 2pq)

X, Y

14, F

17, 18

13, F

14, 18

9, F

30, 31

21, F

13, 14

14, F

?
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The consensus method
• There are limitations to the consensus method.

– It is ad-hoc (not a proper statistical method)
– It is difficult to analyse mixtures
– It wastes information
– The theory to provide a statistical model has been 

around for more than ten years
– We have never stated that the consensus model is 

preferable to the full statistical model
– The 2p (F designation) method can be anti-

conservative
– Time to move forward to the next generation software

EUROFORGEN-NoE is funded by the European Commission
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A different calculation is needed

• If the profile is unambiguous (ie matches 
suspect then the numerator =1

• If the profile is ambiguous (ie does not match 
suspect completely) then the numerator is less 
than one

• i.e. we are used to calculating 

1

2ab

The bottom line:
If this is less than one then the
strength of evidence decreases

AND

If there is any uncertainty about 
The prosecution hypothesis then 

This must be less than one (not neutral) EUROFORGEN-NoE is funded by the European Commission
within the 7th Framework Programme

Probability of dropout/dropin can be 
built into the LR model without any 

problem

EUROFORGEN-NoE is funded by the European Commission
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No need to decide if a profile is an 
exclusion/inconclusive/included

Suspect

Crime stain Match??

No dropout Drop-inDrop-out

EUROFORGEN-NoE is funded by the European Commission
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This is not an exclusion!
Its not neutral! But the evidence strongly supports the 

defence hypothesis of exclusion.

Possible random men Pr(genotype ) Pr(E=ac|genotype) multiply columns Denominator Numerator
ab 0.000015 0.00075
ac 0.005

sum 0.005
LR= 0.15

2 a bp p
2 a cp p

cDDCp
2

D C

2 a b cp p DDCp
2

2 a cp p D C

Suspect

Crime stain Match??

No dropout Drop-inDrop-out

This is our (incomplete) conditioning list. It can be expanded to include all possible
genotypes. There is no bias in the method. This format can be easily expanded to interpret 
mixtures and can include stutters. THIS LOOKS COMPLEX, BUT IT IS EASY TO FOLLOW

Assume D=0.5, Cp=0.03 p(a,b,c)=0.1
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New methods
• Incorporate probability of dropout and 

dropin
• Uses statistical theory that is well 

established
• The theory can be used to evaluate 

complex mixtures
• No limitation on number of contributors
• No limitation on number of replicates that 

can be combined to form a single LR
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New ISFG DNA commission

• New commission recently reported and 
recommends the incorporation of dropin 
and drop-out into probabilistic calculations

EUROFORGEN-NoE is funded by the European Commission
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Dropout
• Suspect

• Crime stain

Match??
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Fig. Locus D18S51 frequencies are used as an example, where allele a corresponds to D18S51 
allele 13 (frequency:  0.135). Using the 2p rule: LR=1/3.Effect of Pr(D) on LR. S is ab, E is a. The 
likelihood ratio LR=Pr(E|S)/Pr(E|U ) is plotted as a function of Pr(D) ∈∈∈∈ [0,1]. (2pa) = 1/(2x0.135) = 

3.8 (dashed line). 
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Drop-in
• An additional band(s) is present in the 

profile that are not in the suspect
• It gets complicated if both drop-in and 

drop-out occur simultaneously

Suspect

Crime stain Match??
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How can this be a match?

Suspect

Crime stain Match??

If we have a reasonable estimate of the chance
of drop-out (PrD) and the chance of drop-in (PrC)
then we can assess the chance of the event below:

If Pr(D)=0.5 and Pr(C)=0.03, f=0.1 then the combined
(Hp) probability is 0.5 x 0.5 x 0.03 x 0.1= 0.00075.

No dropout Drop-inDrop-out
EUROFORGEN-NoE is funded by the European Commission
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How can this be a match?
• The numerator =0.00075 (instead of 1)
• The denominator =.02
• The LR=.00075/.02 = 0.0375 (strongly favours 

defence)
• But the important point is that: it is not an 

exclusion.
• We can provide a LR to any DNA profile – they 

don’t need to be scored as ‘inconclusive’
• An answer is always possible even for the most 

complex of cases.
• If we want to use words like exclusion etc we 

can at least use a parallel numeric scale which 
makes these terms much more meaningful
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Fig. 5. Effect of Pr(D) on LR. Suspect is ab and crime stain evidence is ac. Locus 
D18S51allele 13 frequency was used to calculate the LR example (pa=0.135). Since 

LR<1, then this favours Hd. The dashed line indicates LR = 1.
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Putting theory into practice: Analysis of a 
complex mixture using new genetic models

• New tools that can be used for low copy 
number and for conventional DNA profiles

• Methods that can take account of drop-out 
and drop-in.

• An exploratory tool to evaluate evidence in 
relation to multiple case-work ‘what-if’ 
scenarios

• We show how the expert can be an expert.

EUROFORGEN-NoE is funded by the European Commission
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Summary of New ISFG DNA 
commission recommendations

• Probabilistic methods following the ‘basic model’
described here can be used to evaluate the evidential 
weight of DNA results considering drop-out and/or drop-
in.

• Estimates of drop-out and drop-in probabilities should be 
based on validation studies that are representative of the 
method used.

• The weight of the evidence should be expressed 
following likelihood ratio principles.

• The use of appropriate software is highly recommended 
to avoid hand-calculation errors.


